The production of newly synthesized proteins is a key process of protein homeostasis that initiates the biosynthetic flux of proteins and determines the composition, stability, and functionality of the proteome. Protein synthesis is highly regulated on multiple levels to adapt the proteome to environmental and physiological challenges such as development, aging and stress conditions. However, our understanding of the regulation of ribosomal activity is limited to the control of translation initiation. In a recent publication in EMBO J, 1 our lab together with our cooperation partners, Annika Scior and Elke Deuerling (University of Konstanz), provided new insight into a novel regulatory circuit of ribosomal activity in response to cytosolic protein folding conditions in the cell.
Imbalances in proteostasis are accompanied by an accumulation of misfolded and aggregated proteins that are detrimental to the cell's function and viability. A temporary reduction of protein synthesis aids in restoring proteostasis by reducing the chaperone load as observed during the unfolded protein response (UPR) of the ER. 2 A similar connection between downstream protein folding conditions and the synthesis rate of the ribosome upon heat shock in the cytosol was observed more than 30 y ago. 3 However, the mechanism of the transient translational repression remained unknown. In addition, it was also not known whether there is a feedback mechanism to the ribosome in response to chronic stress conditions, such as aging, that are associated with the accumulation of misfolded and aggregated proteins or the expression of aggregation-prone proteins such as Aβ or polyglutamine proteins that escape the cell's clearance strategies and accumulate as aggregate deposits.
Recently it has been shown by three independent studies that the ribosome is subject to post-translational regulation in response to a variety of proteotoxic challenges. 1, 4, 5 These findings add additional layers of regulation that enable a finetuned translational activity in response to imbalances of protein folding conditions. Our lab could show that acute and chronic proteotoxic stress, exemplified by heat shock, aging, and the expression of disease-causing aggregation-prone proteins is associated with a strong decline of translational activity in the nematode C. elegans. In the center of this new regulatory circuit is the ribosome-associated chaperone complex NAC (nascent polypeptide associated complex). NAC is required for ribosomal activity, assists in the folding of newly synthesized proteins, and acts as sensor for downstream protein folding conditions. NAC has the ability to dissociate from the ribosome and to re-localize toward misfolded and insoluble proteins. This functional depletion of NAC from ribosomes reduces the levels of polysomes and greatly affects the translational capacity. NAC is an important component of the proteostasis network, as it can aid in the re-solubilization of misfolded proteins in cooperation with other molecular chaperones. The re-localization, however, is reversible, as NAC can re-associate with the ribosome once misfolded and aggregated proteins are eliminated and proteostasis is re-balanced. NAC can then re-associate with the ribosome, and protein synthesis resumes. At this point, acute and chronic stress conditions differ markedly. Chronic stress conditions are characterized by a constant load of misfolded and aggregated proteins that terminally sequester chaperones, among them NAC. Indeed, we could observe that the expression of aggregation-prone proteins such as Aβ and polyQ is associated with a dramatic decline in translational activity (Fig. 1) . Likewise, we could show that translational capacity starts to decline once adulthood is reached and proteostasis starts to collapse. 6 These findings demonstrate that active protein synthesis is limited to only a short window of the lifespan, and that the animal is not able to compensate for the accumulation of misfolded proteins by de novo synthesis. Thus, the effect of the collapse of the proteome with age becomes even more severe than previously acknowledged.
Two additional studies analyzing the translational capacity under acute stress in cell culture propose that Hsp70 can induce ribosomal pausing in response to stress. 4, 5 Notably, Hsp70 can also cooperate with another ribosome-associated chaperone complex: RAC (ribosome associated complex). The pausing is induced by the sequestration of chaperones by misfolded proteins and thus follows a similar concept of a dynamic redistribution and sensor function of chaperones.
Taken together, cells and tissues are constantly monitoring and adjusting their translational capacity in response to proteotoxic imbalances to match protein production with folding capacity based on the chaperone availability. These novel chaperone-mediated regulatory mechanisms provide the cell with a dynamic, spatial,
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Janine Kirstein-Miles and richard i Morimoto* department of Molecular Biosciences; rice institute for Biomedical research; Northwestern university; Evanston, iL usA and temporal control of protein synthesis to maintain proteostasis under stressful conditions and aging. Interestingly, the selective translational repression of the UPR, mediated by eIF2α-P, poses the question of whether there is a similar discrimination of mRNAs that escape the translational repression under acute and chronic cytosolic stress conditions. Moreover, we have only a limited understanding on how different cells and tissues within an organism orchestrate their translational capacity.
Aging and especially cell-specific protein folding challenges, such as the tissue-specific expression of Aβ and polyQ, might affect different tissues within the same organism to a different extent. However, we observed that the translational capacity of the whole organism is affected.
1 Future studies are required to address the question of how tissue-specific protein folding conditions are sensed and signaled to the ribosome, and whether or not the ribosome is subject to cell nonautonomous regulation. Figure 1 . Model of translational control in response to acute and chronic stress by the ribosome-associated chaperone NAC. Acute stress (upper branch) leads to a temporary translational decline due to sequestration of NAC by misfolded and aggregated proteins. re-balancing of proteostasis by NAC and other molecular chaperones liberates NAC and allows for re-association with ribosomes and translation can resume. Chronic stress (lower branch) such as aging and polyQ expression leads to a terminal sequestration of NAC and, hence, a permanent decrease in protein synthesis.
